The in vivo synthesis of early heat-shock proteins in young leaves of barley (Hordeum vulgare L.) and sorghum (Sorghum bicolor L.) was studied by one-and two-dimensional electrophoresis. Analysis of whole leaf protein patterns demonstrated clearly the enhanced resolution of heat-shock proteins, especially those of low molecular weight, when separated by two-dimensional electrophoresis. Comparison between the two cereals showed that a greater number and diversity of heat-shock proteins were induced in the subtropical C4 (sorghum) species compared to the temperate C3 (barley) species. Fractionation of whole leaf proteins into soluble and membrane fractions showed the majority of heat-shock proteins to be associated with the soluble fraction in both sorghum and barley. However, several low molecular mass (17-24 kilodalton) heat-shock proteins were clearly identified in the membrane fractions, indicating a likely association with thylakoid membranes in vivo during the early stages of a heat-shock response in both species. in higher plants consist of the low molecular mass type, and it is these that show the most variation in the different species studied. In cereals, the types of HSP have been divided further on the basis of different sets of HSP induced after various times of heat-shock (2, 20). 'Early' HSP are induced during the first 5 to 6 h of heating and comprise the majority of HSP synthesized. HSP induced after this period are termed 'late' HSP (20) . The heat shock responses of several C3 and C4
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in higher plants consist of the low molecular mass type, and it is these that show the most variation in the different species studied. In cereals, the types of HSP have been divided further on the basis of different sets of HSP induced after various times of heat-shock (2, 20) . 'Early' HSP are induced during the first 5 to 6 h of heating and comprise the majority of HSP synthesized. HSP induced after this period are termed 'late' HSP (20) . The heat shock responses of several C3 and C4 cereals have been studied, including wheat (12, 16, 20) , barley (18, 20) , rye (20) , rice (5, 16) , triticale (20) , maize (2-4, 16, 26) , pearl millet (9, 16) , and sorghum (9, 22) , and have been concerned with organs and tissues as well as extent of protein resolution obtained. In the present paper, we detail the profile of 'early' HSP synthesized in young leaves of barley and sorghum and make a direct comparison of the HSP of these two important but very different cereals using single and twodimensional electrophoresis and distinguishing between soluble and membrane locations within the leaf.
MATERIALS AND METHODS
In higher plants, as in other organisms, the induction of unique proteins in response to high temperatures is a feature common to all species studied to date. These novel proteins, termed HSP', play an integral part in the heat-shock response, which also includes changes in the rates of synthesis of polypeptides normally present at lower temperatures (for recent review, see 19) . Although this response seems almost ubiquitous in nature, with the only exceptions in plants being germinating pollen (3) and growing pollen tubes (30) , the precise function(s) of HSP remain an enigma. Previous studies have shown a correlation between the synthesis of HSP at sublethal temperatures and an acquired thermotolerance of plants exposed subsequently to a normally lethal temperature regime (14, 18, 22) . Further understanding of the action of HSP has been sought by examining the cellular location of these proteins. Various proteins have been found associated with several organelles including nuclei (4, 14) , mitochondria (14, 26) , chloroplasts (11, 13, 29) , ribosomes (14, 17) , and heat-induced cytoplasmic granules (17, 21) .
HSP are segregated typically into two major classes on the basis of apparent molecular sizes, with 
Polyacrylamide Gel Electrophoresis
One-dimensional gel electrophoresis (LiDS-PAGE) was performed as described previously (25) (v/v) N,N,N',N'-tetramethylethylenediamine. Electrophoresis was conducted as described for LiDS-PAGE.
After electrophoresis all gels were initially fixed for 4 h in 10:9:2 deionised water:ethanol:acetic acid and then stained with 0.5% (w/v) Coomassie brilliant blue R-250. Gels were destained in the fixation solution until mol wt markers were clearly visible. Gels were washed in 1 M sodium salicylate for 15 min and vacuum dried using a model 583 (Bio-Rad, Richmond, CA) gel dryer. Dried gels were exposed to X-Omat RP-5 (Eastman Kodak Co., Rochester, NY) x-ray film at -750C.
RESULTS AND DISCUSSION

Whole Leaf Response
The heat shock responses in young excised leaves of barley and sorghum are shown in Figure 1 . (22) . Other work on sorghum, using embryos heated for 2 h at 45°C, described the induction of five high molecular mass and five low molecular mass HSP (9 heating. This lack of decline under heat shock conditions was previously observed in monocotyledonous maize (2, 6) , sorghum (6) , and wheat (12) , contrasting significantly with dicotyledonous plants where proteins synthesized at control temperatures are greatly inhibited during high temperature treatments (10, 27, 28) . Enhancement in the resolution of HSP synthesized in barley and sorghum leaves was obtained by two-dimensional PAGE. In Figure 2 , the fluorographs corresponding to the barley control (panel A) and heat shock (panel B) treatments were compared to those for sorghum (panel C-control, panel D-heat shock). The synthesis of HSP in both species was clearly evident, as was the increased number of HSP resolved, especially those of low molecular mass (cf Fig. 1 ). To aid in the interpretation of these complex fluorographs, the HSP were illustrated and numbered in Figure 3 , with the apparent molecular mass and isoelectric point detailed in Table I . For (Fig. 2, B minus A, and D minus C). Polypeptides are those indicated on the illustrations shown in Figure 3, A and B ( 19, 29) . In sorghum, the number of HSP resolved in Figure 2D compared to that in Figure 1 , was even greater than for barley. Whereas only five HSP were evident in Figure 1 , 38 HSP were resolved in Figure 2D and ranged from 18 to 76 kD. HSP, consisting of only nine low molecular mass HSP (23 Figure 3 and Table I showed several HSP with similar molecular sizes and isoelectric points for the two species. Of the high molecular mass HSP, polypeptides number one in both species clearly correspond, as does polypeptide number two in barley with number four in sorghum. These similarities were consistent with the high level of conservation for high molecular mass HSP observed previously in many species (for reviews see 19, 23) . The comparison between low molecular mass HSP was complicated by the multitude of proteins present although similarities were evident for polypeptides number 4, 14, 15, 17 in barley with number 20, 36, 37, 38 in sorghum, respectively. Although similar low molecular mass HSP would be expected to be conserved in other cereal species, meaningful comparisons could not be made due to the lack of published isoelectric points.
Soluble and Membrane HSP
Due to the complex nature of the heat shock response in whole leaves, the HSP were further characterized by fractionation of the heat-stressed leaves into soluble and membrane components. In Figure 4 , the soluble protein fractions ofboth barley and sorghum contained the majority of high and low molecular mass HSP and were very similar to the HSP profiles in Figure 1 . One significant difference between these profiles, however, was the presence of at least four additional HSP (21, 24 , and 25 kD) in the soluble protein fraction of sorghum. The apparent absence of these HSP in Figure 1 was probably due to the obscuring presence of the two LHCPII. In the membrane protein fractions from both species, no significant levels of HSP were evident although several faint bands of low molecular masses were present in each heat shock treat- ment. Since the membrane fraction consisted primarily of proteins associated with the chloroplast thylakoid membranes, the lack of membrane-associated HSP in barley and sorghum was consistent with previous in vivo studies on soybean, pea, and maize seedlings (29) . Contrary to this, however, other studies have also shown the association of several HSP of 21 to 27 kD to the thylakoid membrane network, in 7 d old seedlings of pea (11) and protoplasts isolated from Nicotiana plumbaginifolia (24) .
As with the whole leaf extracts, the fractionated proteins samples were subsequently separated by two-dimensional PAGE. In Figure 5 , the fluorographs corresponding to the soluble (panels A and B) and membrane (panels C and D) protein fractions from barley were compared. Those from sorghum (soluble proteins in panels A and B, membrane proteins in panels C and D) are shown in Figure 6 . The analysis of these HSP profiles is illustrated in Figure 7 and detailed in Table II. In barley, the soluble protein fraction (Figs. 5B and 7A) contained 10 HSP, 9 of which were found in the whole leaf extract (Fig. 3A) and 1 unique to the soluble fraction, labeled SI (Fig. 7A) . The barley membrane fraction (Figs. SD and 7B) contained seven HSP in total, five identified in Figure 3A, and two unique proteins, labeled M, and M2 (Fig. 7B) . Five of the membrane HSP in barley were also present in the soluble fraction. None of the unique membrane HSP were also present in the soluble fraction.
For sorghum, the soluble HS protein fraction (Figs. 6B and 7C) consisted of 20 already identified proteins (Fig. 3B) and 6 novel HSP, named S1-6 (Fig. 7C) , while the membrane protein fraction (Figs. 6D and 7D ) contained only two HSP already identified in Figure 3B . These two membrane-associated sorghum HSP (Fig. 7D) were also found among the soluble HSP (Fig. 7C) .
Since the soluble protein phase consisted of heterogeneous proteins from various cellular locations such as mitochondria, endoplasmic reticulum, nuclei, cytosol, and stroma, the presence of most HSP in this fraction was consistent with previous studies on the localization of HSP in the cell. In soybean seedlings, the majority of low molecular mass HSP were organelle-associated, especially to the ribosomes ( 14) . As well as polysomal-bound HSP, many HSP have been observed associated with distinct 'heat shock granules' within the cytoplasm (17, 21) . Similarly, in maize roots five HSP were associated with organelles: 25 with plasma membrane, mitochondrial, and glyoxysomal fractions (4 (26, 74, 96 kD) were present in the stroma (24) . Other studies have shown the transport of a 21 kD HSP into the chloroplasts of pea and soybean seedlings (1 1, 29) , located to either the thylakoid membranes ( 11) or the stroma (29) . In maize, a 24 kD HSP was also shown to be transported into intact chloroplasts in vitro and found in the stroma (29) . Recent work has indicated that the binding of the 21 kD HSP to the thylakoid membranes in pea is not only dependent on temperature, but also inhibited by high light intensities (7) , possibly explaining the earlier ambiguity in its location.
Of the HSP in the membrane fraction of barley and sorghum, two HSP of similar size and isoelectric point were resolved in both species (HSP number 4 and 17 in barley [ Fig. 3A] , and number 20 and 37 in sorghum [ Fig. 3B ], respectively). Both HSP were also present in the corresponding soluble protein fractions in both species, explaining the relatively strong signals for each HSP in the whole leafsamples (Fig. 3, A and B) . It is possible that these two HSP, as well as the other membrane-associated HSP, are bound to the thylakoid membranes during heat shock and affected by the light regime. According to previous results (7), at the light intensities during the temperature treatments for both barley and sorghum, the majority of these HSP would be dissociated from the thylakoids and present in the stroma, an interpretation consistent with the results in Figures 5 and 6. Additional to the nuclear-encoded chloroplast HSP, several chloroplast-encoded HSP were recently described in young seedlings ofcowpea and Sorghum vulgare (13) . In vitro studies with heat shocked isolated chloroplasts showed the synthesis of four (23, 60, 70, 85 kD) HSP in cowpea and three (60, 70, 80 kD) HSP in sorghum, all located in the stroma. In vivo experiments, however, showed that these HSP were only induced after a gradual increase in temperature rather than the usual rapid heat shock (13 
CONCLUSION
The careful study of early heat shock proteins using twodimensional gel electrophoresis described in this paper provides three significant findings: (a) It shows clearly that the early heat shock response in the two chosen cereals is much more complex than can be seen with single-dimension electrophoresis, not only with respect to the number of new proteins synthesized and differences in their localization, but also in the cellular responses that lead to the attenuation or cessation of synthesis of other proteins. (b) We found significant differences in the numbers as well as types of heat shock proteins produced in the two species, as well as some interesting similarities, particularly in two proteins that appear to be both membrane and cytoplasmically located in both species. (c) We suggest that the latter result may indicate light dependence of heat shock protein association with membranes, and that the larger numbers of heat shock proteins produced in sorghum may be related to the larger number of cell and chloroplast types in this species. Both of those suggestions indicate a possibly fertile avenue for further research.
